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INTRODUCTION
Approximately 22,000 new cases of ovarian cancer are diagnosed each year in the United States, and around 16,000 women die each year from ovarian cancer. 1 A woman's lifetime chance of being diagnosed with ovarian cancer is 1/72 with a 1% chance of dying from this disease. Platinum-based chemotherapy drugs against ovarian cancer were introduced almost 30 years ago, and the last big breakthrough was the introduction of the taxane drugs in the early 1990s. These drugs increased the mean survival rate from 24 to 38 months, 2 that is, they did not cure the disease but rather increased the patient's life-span by several months. Currently, the common course of treatment for ovarian cancer is to perform a complete debulking in which the woman's internal reproductive organs are removed. Debulking is followed by chemotherapy with drugs such as carboplatin and taxol. Roughly 80% of the women respond to chemotherapy, but the relapse rate is very high with a 60% relapse rate within 1 year and 80% within 5 years. 3 When a relapse occurs, the disease is usually resistant to chemotherapy and spreads throughout the abdomen. When the disease reaches this stage, there is no weapon in medicine's arsenal that can save such a patient. For this reason, epithelial ovarian cancer is considered the most lethal type of gynecological cancers today. 4 As in many cancers, early detection is critical for survival. If ovarian cancer is detected early, during stages I and II, the survival rate is quite good. However, the majority of ovarian cancers are detected at stages III and IV, where the 10-year survival rate is between 10% and 20%. 5 Early detection of ovarian cancer is difficult, partly due to its non-specific symptoms and lack of a screening test for the general population. As a result, diagnosis often occurs when the disease is at an advanced stage and when the prognosis is poor. A considerable amount of research has gone into finding early detection markers for ovarian cancer, but all have failed in clinical trials since they did not detect all the ovarian cancer cases. Some markers were able to detect 80% of the cases, but if there is a substantial number of false negatives and the markers do not detect 100% of the cancer cases, the markers are considered failures. 6, 7 These failures, in early detection and therapy, prompted the question whether we really understand the etiology and the biology of this disease.
THE ORIGIN OF OVARIAN CANCER
One fundamental question that has yet to be answered is the origin of ovarian cancer. In spite of numerous studies, the original lesion that gives rise to ovarian cancer has thus far not been identified. Some researchers even considered the original lesion to be created de novo. 8 The prevalent theory is that ovarian cancer originates from the surface epithelium layer of the ovaries, which is of mesothelial origin. The epithelial cells involute inside the ovaries and form cysts. Subsequently, due to an accumulation of genetic mutations, the cells turn cancerous and a tumor is formed. The problem with this theory is that there are different types of ovarian cancers. These subtypes include endometrial ovarian cancers, clear cell carcinomas, and mucinous, serous, and Brenner transitional tumors, whose cellular make-up is not necessarily mesothelial in nature (Figure 1 ). 9 All these cancers have diverse histological origins and different clinical and pathological behaviors. Therefore, it is unlikely that all these tumors originate from the same cell or the same lesion. The simplistic theory of the origin of ovarian cancer is even more improbable if we take into account that most of the disparate cancer cell types are not ovarian in origin. 10 While it was logical to assume that the genesis of the ovarian tumor is the ovary, it is also logical that the progenitor cells of the ovarian tumors originate from tissues adjacent to the ovary, such as the fallopian tubes. 11 Studies in which fallopian tubes were more carefully examined confirmed that small in-situ early invasive tubal carcinomas occur in women with a genetic predisposition for ovarian cancer. 12 In addition, 70% of sporadic (nonhereditary) ovarian and peritoneal high-grade serous carcinomas demonstrated mucosal tubal involvement, including serous tubal intraepithelial carcinoma (STIC). 13 Further support for this argument is the finding that nearly all STICs overexpress p53, similar to high-grade serous carcinoma. Laser capture micro-dissection studies have demonstrated that these lesions harbor mutated p53. In addition, STICs that are associated with a concomitant ovarian carcinoma shared not only morphologic features but also identical p53 mutations, indicating a clonal relationship. 13 Therefore, it seems very likely that there is a "two- way traffic" between the ovaries and the fallopian tubes. Normally, the oocytes travel from the ovaries to the fallopian tubes, but in certain cases cells from the fallopian tube may travel to the ovaries and contribute to malignancies.
These observations have opened the possibility to revise the theory on the origin of ovarian cancer; it is plausible that the initial lesion might not be of ovarian origin but a metastasis of abnormal or transformed cells from different sites in the peritoneum. What these cells are and how they reach the ovaries are two main questions that need to be addressed and which will be examined in this review.
HETEROGENEITY OF CANCER CLONES
The classical or clonal model to explain tumor formation and progression suggests that a tumor originates from a single mutated cell that is no longer under normal cell cycle control and thus divides incessantly. The constantly dividing cell forms a mass of identical fast-dividing cells, which results in a tumor. However, while this classical clonal paradigm indeed exists, it provides a partial description of the biology of the tumor. Increasing evidence suggests that the tumor is more complex; indeed it has been shown that there is a hierarchy in the cancer cells, where progenitor cancer stem cells, also known as tumor-initiating cells, can produce two or more distinct cell types. When we evaluated the cellular composition of epithelial ovarian tumors we were able to identify at least two distinct subtypes of ovarian cancer cells: the classical cancer cells, characterized by small size and fast cell division which we refer to as type II ovarian cancer cells; and the type I ovarian cancer cells, with different morphological characteristics and distinctive behavior (Figure 2 ). The type I cells are slowly dividing cells and share many markers with pluripotent stem cells. These markers include CD44, MyD88, ALDH1, and others, which the smaller, rapidly dividing subtype lacks. Type I cells can rebuild the original tumor in mice (tumor-initiation potential), give origin to CD44-negative/MyD88-negative type II cells (differentiation capacity), serve as tumor vascular progenitors (pluripotency), and are chemoresistant. [14] [15] [16] [17] [18] Indeed, levels of type I cells are associated with shorter progression-free survival in ovarian cancer patients. 18 Our findings are in line with other studies that have shown the existence of tumor-initiating cells in ovarian cancer through the use of different markers suggestive of the heterogeneity of the disease. 14, [19] [20] [21] [22] [23] An important characteristic of type I cells is their potential to give origin to the fast-dividing type II cells. This aspect was demonstrated in our animal studies where only CD44-positive cells are able to form tumors in nude mice. Once the tumor was established, we evaluated the cellular composition of the tumors. If the clonal hypothesis had been correct, the tumor would have been comprised of only CD44-positive cells. However, the results showed that only about 10% of the cells were CD44- positive, while the majority of the cells were molecularly and morphologically different (CD44-negative type II cells). 14, 24 Tumor formation does not occur if we inject type II cells in nude mice, indicating that the capacity to establish a heterogeneous tumor is a unique property of type I cells. 14 Pluripotent progenitor cancer cells can be the source of the heterogeneous tumors seen in ovarian cancer. One possible source for these cells, based on stem cell markers and p53 signature, is the epithelium of the fallopian tubes. However, for the fallopian tube to be the source of ovarian cancer, cells from its epithelial layer must first detach, survive without attachment to the basement membrane, and acquire mobility to travel to the ovaries. We found CD44-positive cells in the fallopian tubes with morphological characteristics different from the rest of the epithelium (Figure 3 ). In addition, we observed CD44-positive cells "shed" by the epithelium, with morphological characteristics of migratory cancer stem cells (Figure 4 ). These observations suggest that migratory cancer stem cells might originate from the fallopian tubes or from other sites of the female reproductive tract and travel through the fallopian tubes before reaching the ovaries.
THE OVARIES AS TARGETS FOR CANCER CELLS
One of the main factors associated with the prevention of ovarian cancer is the use of hormonal contraception. A potential physiologic explanation for this association is ovulation and inflammation. Many studies have linked inflammatory processes and cancer. 16 High levels of cytokines and chemokines induced by inflammation can induce tumorigenesis and metastasis. 25 Inflammatory processes during ovulation represent an important reason that the ovaries are susceptible to developing tumors. During ovulation, the mature follicle ruptures the surface of the ovary due to inflammatory processes. 26 This inflammatory condition can be detected by the high levels of cytokines and chemokines secreted in the follicular fluid and produced by the ovary. The ovulation sites are micro-wound sites on the ovary's surface, and through these sites the cancer cells can enter the ovaries and form an ovarian tumor ( Figure 5) . Observations from our laboratory suggest that migratory cancer progenitor cells may be attracted to the ovaries by the inflammatory process; furthermore, the ovulatory environment creates a fertile soil for these cells to attach and proliferate, leading to the formation of a "local" ovarian tumor. These observations support the hypothesis of an extra-ovarian origin of some forms of ovarian cancer. Thus, this may explain the failure to find a single specific marker for the early detection of ovarian cancer. Presently, studies have focused on finding biomarkers associated with the epithelial cells of the ovaries or serum markers associated with the ovarian microenvironment. If indeed ovarian cancer can originate from various types of transformed cells from multiple sites in the female reproductive tract, then each type of ovarian cancer would have its own set of distinctive markers. Identification of these extra-ovarian progenitors of ovarian cancer is a first step in the recognition of possible markers for early detection.
A MULTI-TARGET APPROACH TO TREATING OVARIAN CANCER
As previously mentioned, chemotherapy is standard for women with ovarian cancer. In most cases, the cancer responds to the chemotherapy, cancer markers substantially decrease, and a state of remission is achieved. However, for the majority of the women with ovarian cancer, a short period of remission is followed by a relapse, in which the tumor is chemo-resistant to both taxol and carboplatin. To address the question of recurrence and chemo-resistance we evaluated the phenotype of cells that survive chemotherapy and found that these cells possess the markers that distinguish the type I cells or tumor-initiating cancer cells. CD44-positive cells did not respond to chemotherapy and instead grew steadily even in the presence of these drugs. These results further support the current consensus that CD44-positive cells represent the chemo-resistant phenotype. 19, 21, 22, [27] [28] [29] On-going studies using an in-vivo recurrence model of ovarian cancer also showed that tumors initially respond to chemotherapy and shrink considerably. However, after a short remission period the tumor grows back, and at this stage it is totally non-responsive to chemotherapy treatment that was previously successful. Moreover, the cellular composition of the recurring tumor differs significantly from the primary tumor. These studies clearly indicate that the two distinct subtypes of ovarian cancer cells must be treated differently. If only one type of treatment is given, recurrence and disease progression will be delayed but not prevented. Subsequent tumors will be comprised of a different cell type that will only respond to an entirely different agent.
CONCLUSION
There are multiple forms of epithelial ovarian cancer due to the diversity of the cells that form the primary lesion. Therefore, a wider range of early detection markers should be used to screen for early detection of the disease. In addition, treatment for ovarian cancer should take into account the clonal diversity that is persistently found in the ovarian tumor. The future treatment for patients with ovarian cancer will include multiple steps: Once a tumor is detected, a biopsy should be taken and the cell type and origin should be determined. A personalized tailor-made chemotherapeutic regimen should be provided based on the tumor's unique cellular make-up ( Figure 6 ). Maintenance should be done by targeting the surviving cancer stem cells, consequently preventing relapse. If relapse occurs, novel treatment options are needed to treat recurrent disease, which differ from conventional chemotherapy since numerous studies have shown that these cells are resistant to chemotherapy. Once again, the selection of the therapy should be carried out based on the determination of the cellular composition of the recurrent tumor; this would then increase the possible effectiveness of the selected agents. Only then can we expect to see a marked improvement in the response and survival rate of ovarian cancer.
